Solution processed organic semiconductors and organic/inorganic hybrid materials have the potential to substantially reduce the cost of solar cells provided that the obtained power conversion efficiency (PCE) can be improved. The PCE of the best organic photovoltaic systems currently reaches around 10%[@b1], while values up to 20--24% have been theoretically predicted for ideal single junction devices[@b2]. Among the limiting factors, losses related to the separation of photo-generated electron-hole pairs play an important role[@b3]. In organic solar cells the generation of free charge carriers implies the following steps[@b4]: 1) Light absorption and exciton formation in the electron-donating material (π-conjugated polymer). The excitons are tightly bound due to the low dielectric constant of the organic absorber (ε~r~ = 3--4) resulting in strong electrostatic interaction between opposite carriers. 2) Exciton diffusion and separation at the interface with the electron accepting material (e.g. a fullerene derivative like PCBM). 3) Formation of a Coulombically bound polaron pair (BPP) state, also called charge transfer (CT) state or exciplex state, with the electron residing on the lowest unoccupied molecular orbital (LUMO) of the acceptor and the hole residing on the highest occupied molecular orbital (HOMO) of the donor. 4) Dissociation of the BPP state and subsequent charge extraction to the electrodes. The detailed understanding of the loss mechanisms related to each of these different steps is still subject of debate[@b5]. While step 1 is limited by non-optimal absorption of the solar spectrum and thermalization processes, losses occurring in step 2 originate from excitons, which recombine before being able to diffuse to the donor/acceptor interface. Due to the relatively short exciton diffusion length in conjugated polymers (\~10 nm), generally the bulk heterojunction concept is applied, in which the donor and acceptor phases form an interpenetrated network[@b6]. In step 3 losses arise from geminate recombination of polaron pairs failing to fully dissociate, while in step 4 non-geminate recombination losses may occur during the charge transport to the electrode. Efficient dissociation of the BPP state into free carriers is needed to maximize the global yield of photogenerated charges and hence the device photocurrent density[@b3]. Hybrid systems composed of conjugated polymers and semiconductor nanocrystals (NCs) are of particular interest for reducing the energetic driving force for charge separation due to the high dielectric permittivity and consequently low electrostatic binding energy within the inorganic phase. Nelson and coworkers explored this concept recently by combining several types of conjugated polymers with *in situ* formed CdS NCs[@b7]. One of the intrinsic shortcomings of binary polymer:NCs hybrids is poor, hopping-type electron transport in the inorganic phase[@b8][@b9][@b10]. Moreover, in order to reach the percolation threshold, high NC loading of the polymer is required[@b11], which can lead to non-optimal morphologies and hence to reduced hole transport in the organic phase. One way to circumvent this problem is the use of NCs with dimensions spanning almost the entire thickness of the active layer. The best efficiencies have indeed been reported for large-sized nanorods or branched structures with typical arm lengths of around 100 nm[@b12][@b13][@b14]. Here we explore a different approach enabling enhanced free charge carrier generation in an organic photovoltaic blend through nanocrystal addition, while maintaining efficient transport. The ternary hybrid system is obtained by adding a controlled amount of 7.4 nm CuInS~2~ NCs to a P3HT:PCBM blend. CuInS~2~ is a very appealing material for this study, combining a high absorption coefficient (≈10^5^ cm^−1^), appropriate band gap (1.5 eV) and high dielectric constant (ε ≈ 11). Liao *et al*. recently reported a 23% increase of PCE upon the addition of a very small amount (0.06 vol%) of Cu~2~S or CdSe NCs to a P3HT:PCBM blend[@b15]. This improvement has been attributed to morphological changes on the nanoscale within the hybrid thin film, as demonstrated by GISAXS and GIWAXS experiments, while electronic effects have not been considered. Here we observe the increase of PCE from 0.8% to 1.6% with respect to the P3HT:PCBM reference when adding a much larger amount (7 vol%) of CuInS~2~ NCs. This enhancement is only observed after replacing initial dodecanethiol (DDT) surface ligands with the shorter molecule 1,2-ethylhexanethiol (EHT). We demonstrate by means of light-induced electron spin resonance, supported by optical, electrochemical and transport measurements that improved charge separation in the ternary blend is at the origin of the observed behavior. This conclusion is supported by the study of ternary hybrids using the glassy polymer poly(triarylamine) (PTAA) instead of semicrystalline P3HT, where similar trends are observed.

Results
=======

Synthesis, functionalization and electrochemical properties of CuInS~2~ nanocrystals
------------------------------------------------------------------------------------

CuInS~2~ NCs showing a mean size of 7.4 ± 1 nm and nominal composition of Cu~0.8~In~1.1~S~2~ were synthesized according to the protocol published by Li *et al*. using a reaction time of 1 hour[@b16][@b17]. In this synthesis dodecanethiol (DDT) serves as the solvent, sulfur source and surface ligand. In order to improve charge transfer processes in the hybrid, bulky DDT ligands were replaced with 1,2-ethylhexanethiol (EHT), reducing the thickness of the insulating barrier on the nanocrystal surface from approximately 1.4 nm to 0.7 nm. Furthermore, the branched ethylhexane radical provides better steric repulsion than linear chains and hence high solubility in apolar solvents. Ligand exchange was followed by ^1^H-NMR spectroscopy (*cf.* [Supplementary information](#s1){ref-type="supplementary-material"}), showing that the final EHT:DDT ratio was 70:30 under optimized conditions. As expected quantitative ligand exchange does not take place when replacing one alkylthiol with another. Analyzing the NMR spectra in more details reveals that DDT is bound in its deprotonated thiolate form to the nanocrystal surface, while the proton of the thiol group of EHT is still clearly visible after ligand exchange. Surprisingly the diffusion coefficients of both ligands on the nanocrystal surface are only slightly lowered with respect to the free ligands: from 1.6 to 1.05·10^−9^ m^2^s^−1^ (DDT) and from 2.1 to 1.7·10^−9^ m^2^s^−1^ (EHT). Generally a decrease of the diffusion coefficient by around one order of magnitude is observed[@b18]. One explanation could be that ligand binding occurs in a dynamic way leading to equilibrium between adsorbed and desorbed molecules. On the other hand, the observed diffusion coefficients could also reflect the mean value of tightly bound ligands in the first and more loosely bound ligands in the second coordination sphere of the NCs[@b19][@b20]. This argument is confirmed for DDT-capped NCs by means of thermogravimetric analysis (TGA). They exhibit a total mass loss occurring in two steps at 235--280°C and 400°C of 51%, i.e. significantly higher than expected for 7.4 nm CuInS~2~ NCs (≈37%). EHT-capped NCs, on the other hand, with 30% residual DDT-capping show a total mass loss of 31% occurring at 270°C and 400°C, much closer to the expected value (≈29%). This clearly indicates that during the ligand exchange procedure excess DDT-derived molecules (e.g. didodecyl sulfide, didodecyl disulfide) are efficiently removed from the coordination sphere of the NCs.

The reduction and oxidation potential as well as the electrochemical band gap of the NCs were determined using differential pulsed voltammetry (DPV) measurements ([Suppl. Information](#s1){ref-type="supplementary-material"}). This technique has a higher sensitivity than cyclic voltammetry because the contribution of the capacitive current arising from the electrical double layer at the electrode is minimized. By consequence the Faradaic current corresponding to the electrolytic oxidation or reduction of the NCs is better visible. A further advantage over CV is the fact that the DPV peak is centered at the oxidation / reduction potential, which facilitates the determination of its accurate position[@b20]. However, for DDT-capped NCs no clear signal could be obtained in measurements of the first oxidation potential, probably due to the comparably thick organic ligand shell. After ligand exchange with EHT, the ionization potential (IP) and electron affinity (EA) have been determined using the ferrocene/ferrocenium redox couple as standard (Fc/Fc^+^: −4.8 eV)[@b21] to be −5.6 and −4.1 eV, respectively, resulting in an electrochemical band gap of 1.5 eV. Taking into account the IP and EA values of regioregular P3HT (−4.9 eV/−3.0 eV) and PCBM (−6.4 eV/−4.3 eV)[@b22], the studied CuInS~2~ NCs provide additional intermediate energy levels enabling cascade-like charge transfer[@b23]. The energy levels and electronic processes occurring in the ternary hybrid are summarized in [Fig. 1](#f1){ref-type="fig"}.

Light-induced electron spin resonance
-------------------------------------

LESR detects photo-generated paramagnetic species such as polarons by inducing transitions between energy levels splitting up in an external magnetic field. Due to the long lifetime of the charge-separated state in organic D--A blends, this method is well suited for studying the formation of radical cations like P3HT^+^° or radical anions like PCBM^--^°. The corresponding ESR signals are situated at Landé *g*-factors of 2.0030 (P3HT^+^°) and 1.9999 (PCBM^--^°)[@b24][@b25][@b26]. In conjugated polymer/NCs hybrid blends no signals corresponding to radicals generated in the nanocrystal phase have been reported[@b27][@b28]. Signal broadening and/or localization at *g*-factors strongly shifted from the organic species are possible causes. First, we study the LESR data of binary blends containing PCBM or P3HT and DDT-capped NCs. In the case of the PCBM:NCs-DDT blend, no signal of the PCBM^--^° radical anion is detectable in the dark and only a very weak signal appears under 473-nm illumination ([Fig. 2a](#f2){ref-type="fig"}). As both components absorb at this wavelength, the absence of the LESR signal indicates that no photo-induced charge transfer leading to long-lived carriers between PCBM and CuInS~2~--DDT NCs takes place. In the NCs blend with P3HT, an ESR signal is already observed in the dark ([Fig. 2b](#f2){ref-type="fig"}) with a *g*-factor corresponding to P3HT^+^°. It can be attributed either to intrinsic defects in P3HT, to doping occurring during air exposure[@b29] or to paramagnetic species resulting from 'parasitic' light exposure of the blend. Since under illumination no change in signal intensity is observed, the latter assumption is clearly not valid. These measurements have been carried out under conditions maximizing the signal in the dark (*in phase*). When measuring *out of phase*, a signal can be detected at a magnetic field corresponding to the *g*-factor of P3HT^+^°. This signal immediately disappears when the light is turned off, and the light-on / light-off behavior can be reproduced many times in a completely reversible way. Consequently, the signal can be unambiguously ascribed to a photo-induced phenomenon, whose origin is under current investigation. We note that no 'out-of-phase' signal is detected upon illumination of P3HT/NCs-EHT blends. For PCBM or P3HT blended with EHT-capped NCs a clear light effect is observed. More precisely, under illumination a distinct signal appears in the case of PCBM:NCs-EHT, while a strong increase of the signal with respect to the dark is detected in the case of P3HT:NCs-EHT ([Fig. 2c/d](#f2){ref-type="fig"}). This result clearly illustrates the crucial role of the different steric hindrance of the NCs capping ligands (EHT *vs*. DDT). When going to the ternary blends, extracting the influence of NCs on the LESR behavior is less straightforward: signal intensities of the different samples cannot be directly compared and eventual interactions between the spins arising from the radical cation and radical anion could be expected[@b26]. [Fig. 3](#f3){ref-type="fig"} shows the comparison of the LESR spectra of the ternary blends containing DDT- or EHT-capped NCs, P3HT and PCBM.

Both the additions of DDT- and EHT-capped NCs have similar effects on the LESR data. First, we qualitatively observe that the P3HT^+^°/PCBM^--^° signal intensity ratio increases significantly. This effect is more pronounced with EHT- than with DDT-capping. [Table 1](#t1){ref-type="table"} gives the peak intensity ratios P3HT^+^°/PCBM^-^° recorded under illumination and after 6 minutes of relaxation in the dark. We stress that the absolute values are meaningless and that only their comparison can be exploited. In case of the binary blend PCBM:P3HT, we get an intensity ratio equal to 1.0, which increases up to 1.7 for P3HT:PCBM:NCs-DDT and to 2.5 for P3HT:PCBM:NCs-EHT. The first hypothesis is that this increase is due to additional electronic transfers between P3HT and NCs. For EHT-capped NCs, this assumption is coherent with the observed illumination effect on the spectrum of the binary blend P3HT:NCs-EHT ([Fig. 2d](#f2){ref-type="fig"}). However, in the case of DDT-capped NCs blended with P3HT we do not observe any light effect on the ESR spectrum ([Fig. 2b](#f2){ref-type="fig"}). One explanation might be a change in morphology in the ternary blends leading to enhanced charge transfer between P3HT and NCs. The low temperature relaxation of the LESR signals shows two components -- a fast one, leading to a direct signal decrease after switching off the irradiation, and a slower one on the scale of hours, during which the remaining signal vanishes (*cf.* [Suppl. Information](#s1){ref-type="supplementary-material"}). Heinemann *et al.* observed similar relaxation kinetics in P3HT:CdSe NCs blends[@b24]. The fast decay has been attributed to bimolecular (*i.e.* non-geminate) recombination and the persistent signal to charge capture in deep trap states generated on the polymer due to morphology changes induced by nanocrystal addition. In the ternary hybrids of the present study, both the signals related to P3HT^+^° and PCBM^--^° are more persistent than in P3HT:PCBM alone. Moreover, the fraction of persistent charges is much higher in the case of the P3HT:CdSe hybrids[@b24] than in the ternary hybrids investigated here. When comparing the relative signal intensities six minutes after switching off the light, we observe distinct differences in relaxation behavior ([Table 1](#t1){ref-type="table"}). For P3HT:PCBM a strong decrease of both signals to around 20% of their initial values takes place. In the ternary hybrids, the signal decrease is less pronounced, in particular for PCBM^--^° showing still 50--60% of the initial intensity. Slower relaxation kinetics can be ascribed to changes in the charge recombination dynamics and/or to morphological changes. The faster decay observed for both signals in case of EHT-capped NCs shows that the shorter ligand facilitates charge recombination processes. Importantly, the relaxation data has been acquired at low temperature (20 K) and in the absence of specific contacts at the hybrid blend for electron and hole extraction. In order to address the question whether the photogenerated charges are mobile at room temperature and can be efficiently used in photovoltaic devices, we integrated the hybrids into solar cells, using identical samples and film processing conditions as for the LESR measurements.

Solar cell measurements
-----------------------

[Table 2](#t2){ref-type="table"} gives an overview of the different mass fractions used for the preparation of the hybrid blends, and of the calculated volume fractions occupied by NCs and PCBM in the polymer matrix. The blends were deposited by spin-coating on ITO-coated glass substrates containing a 30--40 nm thick layer of PEDOT:PSS. The spinning parameters have been adjusted for obtaining a ≈ 200-nm thick photoactive layer. Finally 80--100 nm thick Al electrodes were thermally evaporated on top, and the devices were encapsulated with glass covers. [Figure 4a](#f4){ref-type="fig"} presents the *J*(*V*) characteristics of the devices containing different mass fractions of NCs under irradiation with a solar simulator (AM1.5, one sun). As can be seen from [Table 3](#t3){ref-type="table"}, the same trends are observed before and after annealing at 120°C for 15 min: the ternary hybrid solar cell containing EHT-capped NCs outperforms the cell containing DDT-capped NCs, and the binary P3HT:PCBM device shows intermediate values. The most important differences between the device with EHT-capped NCs and the device without NCs lie in the short circuit current density and in the fill factor. The power conversion efficiency of the P3HT:PCBM reference cell (0.8%) is low compared to the best literature results (4--5%)[@b30], yet consistent with reported values of non optimized test cells[@b31]. Non-optimal deposition conditions, such as fast film growth rate without control of the solvent evaporation speed[@b32] as well as the absence of a LiF layer at the active layer/Al electrode interface are possible origins of this lower performance. Batch-to-batch variations in the polymer purity and macromolecular parameters also influence the device performances. However, the three sets of devices allow for the direct comparison of the binary and ternary blends prepared under identical processing conditions. Taking into account the results from the LESR measurements, the *J*(*V*) characteristics can be interpreted as follows: In both hybrid blends CuInS~2~ NCs add additional channels for charge transfer from P3HT. Efficient transfer is possible even in the case of bulky DDT ligands, confirming the results of Kruszynska *et al.*[@b33] who studied blends of P3HT and trioctylphosphine oxide / DDT-capped CuInS~2~ NCs by means of photo-induced absorption. We hypothesize that hydrophobic interactions between the alkyl chains of the ligands and of the polymer enable the close proximity between the nanocrystal surface and the polymer backbone. Such hydrophobic interactions are not expected between NCs and PCBM, inhibiting efficient charge transfer in that case. As the volume fraction of NCs in the hybrid is far below the percolation threshold, the extraction of charges generated on the NCs and their transport to the Al electrode is inefficient, leading to low photocurrent and PCE observed in the P3HT:PCBM:NCs-DDT hybrid. The inflection point in the *J(V)* curve of this hybrid observed in [Fig. 4a](#f4){ref-type="fig"}, resulting in a significantly lower *V~oc~* than for the other two blends, indicates electric field dependent generation of free carriers. With increasing voltage, the operating conditions of the device shift from short-circuit to open-circuit and the electric field due to electrode charge approaches zero (flat band conditions). This reduction of internal field leads to an increase of the steady state charge carrier density in the active layer. By consequence the probability of non-geminate recombination increases, resulting in the observed *J(V)* behavior. In the case of EHT-capped NCs, electron transfer to PCBM is possible (cf. [Fig. 2c](#f2){ref-type="fig"}), improving charge extraction to the electrode in this case. NC induced morphological changes in the organic phase have been shown to influence the *J/V* characteristics[@b15] but can be ruled out here as dominating factor, based on the differences observed for EHT- and DDT-capped NCs.

In order to investigate the influence of the NCs on the spectral response of the solar cells, we carried out external quantum efficiency (EQE) measurements ([Fig. 4b](#f4){ref-type="fig"}). The spectrum of the P3HT:PCBM thin film without NCs shows an average EQE value of 25% in the spectral range of 350--630 nm. The shape and spectral range is in good agreement with the data reported for fast grown P3HT:PCBM films[@b32]. The same applies for the device containing DDT-capped NCs, which however shows a much lower EQE with a maximum of 18%. The device containing EHT-capped NCs exhibits a maximum efficiency of 50% at 500 nm. It also shows a decreased contribution of PCBM (300--400 nm range) to EQE compared to the other two blends. As seen in the UV-vis spectra ([Suppl. Information, Fig. S5](#s1){ref-type="supplementary-material"}), adding 7 vol.% of NCs into the P3HT:PCBM blend (1:1:0.5 mass ratio) does not substantially modify the light harvesting properties of the obtained thin film or solar cell. NCs show mainly absorption in the UV and visible range whereas their absorbance in the near infrared range is very low. Both the pure P3HT:PCBM and the NCs containing thin films display vibronic structure with a clearly resolved lower energy shoulder. This behavior is expected, as semicrystalline P3HT shows less ground state conformational disorder compared to the polymer in solution, where only a featureless broad absorption peak is visible[@b34]. We emphasize that for the investigated film thickness and NC concentrations no distinct differences between the absorption features of binary P3HT:PCBM and ternary P3HT:PCBM:NCs blends could be detected.

Finally, we determined charge carrier mobilities in the devices by means of photo-CELIV (charge carrier extraction by linearly increasing voltage) measurements. In these experiments a nanosecond 532 nm laser pulse is directed on the transparent ITO electrode. Transit times of the photogenerated carriers have been determined for different electric field strengths and mobilities have been calculated using the following relationship[@b35]:with *d* being the film thickness, *A* the voltage rise speed *dU*/*dt* in Vs^−1^, *t*~max~ the delay after the light pulse when the extracted current reaches its maximum, *j* and *j*(0) the current generated by the mobile charges and the capacitive current arising from the voltage ramp. [Eq. 1](#m1){ref-type="disp-formula"} is valid for systems showing moderate conductivity, where *j* and *j*(0) are of the same order of magnitude. The CELIV technique probes the mobility of the more mobile charge carriers, corresponding to electrons in our case[@b36]. In the present configuration illumination of the devices occurs through the ITO electrode, where the negative bias is applied. For all the experiments, the delay between the laser pulse and the voltage ramp was set to 550 ns. The laser output power of 50 μJ/cm^2^ was lowered by means of optical densities to approx. 50 nJ/cm^2^ on the sample, with the goal to keep the photogenerated carrier concentration lower than 10^17^ cm^−3^. Higher carrier concentrations can lead to wrong estimations of the mobility, due to charge recombination processes and space charge effects[@b37]. For all samples, the device area was chosen in a way that the RC time constant be kept below 300 ns (the extracted photo-CELIV current reaches its maximum at a time scale larger than 1 μs). [Fig. 5a](#f5){ref-type="fig"} shows the comparison of the mobility values obtained for the ternary blends containing either DDT- or EHT-capped NCs before thermal annealing. The extracted mobilities are 2.6·10^−5^ cm^2^·V^−1^s^−1^ (DDT) and 6.1·10^−5^ cm^2^·V^−1^s^−1^ (EHT) at E^1/2^ = 280 V^1/2^·cm^−1/2^; hence ligand exchange leads to a 2.5-fold increase in electron mobility in the hybrid thin films. At room temperature, both ternary blends containing DDT- or EHT-capped NCs show similar positive electric field dependence of mobility. This stands out against the negative field dependence reported for pure P3HT films[@b11][@b38]. Additional measurements at variable temperature are necessary to investigate the origin of this trend. [Fig. 5b](#f5){ref-type="fig"} shows photo-CELIV measurements on the ternary blend containing EHT-capped NCs after annealing and compares them to the binary P3HT:PCBM blend. For all field strengths, the mobility of the ternary device (4.7·10^−4^ cm^2^·V^−1^s^−1^ at 280 V^1/2^·cm^−1/2^) is slightly lower than that of the binary P3HT:PCBM device (7.0·10^−4^ cm^2^·V^−1^s^−1^). It is therefore safe to conclude that nanocrystal addition does not lead to an increase of charge mobility in the hybrid films.

Semicrystalline polymers like P3HT are very sensitive to the processing and annealing conditions, and slight modifications in the thin film morphology can strongly influence the solar cell performance[@b34]. In order to evaluate the influence of NC addition to an amorphous polymer matrix, we investigated hybrids using poly(triarylamine) (PTAA). As compared to P3HT, PTAA shows a higher LUMO level offset and similar HOMO level offset with the electron acceptors (NCs and PCBM) present in the blends (*cf.* [Suppl. Information Fig. S7](#s1){ref-type="supplementary-material"}). Therefore in both cases the same charge transfer processes are enabled from the energetic point of view. The UV-vis absorption spectra of solar cells containing PTAA:PCBM:NCs hybrids using 1:1:0, 1:1:0.25, 1:1:0.5 and 1:1:1 mass fractions can be fully superposed ([Fig. S9](#s1){ref-type="supplementary-material"}). Confirming the aforementioned observations with P3HT, CuInS~2~ NCs added in comparably low concentration to the polymer:PCBM blend do not modify the absorption properties of the hybrid thin films. By consequence the light harvesting features of the PTAA hybrids are limited to the UV/blue range, as the absorption onset of the polymer is located at around 410 nm (band gap 2.95 eV)[@b39]. Using 1:1:0.25 and 1:1:0.5 ratios results in a strong increase of the short circuit current density of hybrid solar cells as compared to PTAA:PCBM binary devices ([Fig. S8, Table S1](#s1){ref-type="supplementary-material"}). While the absolute values of *J~SC~* and PCE are much lower than in the case of P3HT, the same trend in terms of optimum NC concentration is observed and the 1:1:0.5 blend shows the best performance.

Discussion
==========

Using 20 wt% (7 vol%) of EHT-capped CuInS~2~ NCs in a ternary P3HT:PCBM:NCs hybrid strongly influences the solar cell characteristics as compared to the reference cell P3HT:PCBM. Mainly the short circuit current density and fill factor are affected, resulting in increased power conversion efficiency. At the same time UV-vis absorption and EQE measurements on the hybrid ternary blend do not reveal significant changes in the light harvesting properties with respect to the binary blend. Higher charge carrier mobilities can also be ruled out to explain the improved solar cell characteristics, as shown by photo-CELIV measurements. Consequently, our results are in stark contrast with reported binary and ternary systems containing small fractions of NCs. There improved charge transport properties have been observed, which were most often attributed to changes in the polymer chain packing[@b15][@b40][@b41]. The function principle of the hybrid system also differs from recently developed *fully organic* ternary photovoltaic blends. They aim at an extension of the spectral range of light absorption by adding different types of sensitizers (dyes, polymers, small molecules) to the organic blend[@b42][@b43]. To give an example, Huang *et al.* added 1 wt% of a near-infrared absorbing squaraine dye to a P3HT:PCBM blend, resulting in a 38% increase of PCE up to a value of 4.5%[@b44]. The synergistic action of Förster resonant energy transfer (FRET) and a change in the film morphology has been proposed to be at the origin of this improvement. In the present study, LESR experiments show a marked influence on the charge transfer processes taking place upon addition of NCs to the P3HT:PCBM blend. In the case of short EHT ligands, electron transfer from the polymer to NCs and, to a lower extent, from NCs to PCBM has been unambiguously demonstrated. High dielectric constant inorganic NCs contribute thus strongly to the efficient separation of the BPP state; the dielectric permittivities of the materials are 3.0 (P3HT), 3.9 (PCBM) and 11 (CuInS~2~). Small volume fractions of NCs preferably localize in amorphous, low mobility domains of P3HT as has been shown in the case of P3HT:CdSe NCs hybrids obtained by directional epitaxial crystallization[@b45]. While such domains generally act as dead-ends for charge transport, filling them with NCs gives rise to an improved extraction of photogenerated charge carriers. As a consequence of the intermediate energy levels of the chosen CuInS~2~-EHT NCs they can act as effective electron relays between P3HT and PCBM clusters. The same energy level alignment with larger LUMO level offset exists in hybrid blends based on PTAA. Using this amorphous polymer results in a similar trend in terms of short circuit current density *vs*. NC concentration as in the case of semicrystalline P3HT, corroborating the proposed role of NCs in ternary hybrid blends. We anticipate that the same behavior will be observable for other polymers, as long as an appropriate energy level alignment exists. The presented results underpin the relevance of applying semiconductor NCs in OPV blends, highlighting their beneficial role in charge separation without negatively impacting charge transport when used in low concentration. Further improvement of the absolute solar cell efficiencies is expected through the optimization of device fabrication parameters (e.g. active layer thickness, interface materials), nanocrystal surface chemistry and the use of alternative conjugated polymers[@b22].

Methods
=======

Chemicals
---------

Copper(I) iodide (\>99.9%), indium(III) acetate (\>99.9%), dodecanethiol (99%), 1,2-ethylhexanethiol (99%), ITO substrates, PEDOT:PSS (Baytron PH), poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA; M~n~ = 9,000; M~w~ = 19,000) and anhydrous solvents were purchased from Sigma-Aldrich. Regioregular P3HT (Merck SP001, M~n~ = 24,000; M~w~:55,000; RR = 95%) was purchased from Merck; PCBM from Nano-C.

Synthesis of 7.4-nm CuInS~2~ NCs[@b17]
--------------------------------------

CuInS~2~ nanocrystals were synthesized by reacting copper(I) iodide (190 mg, 1 mmol) with indium(III) acetate (292 mg, 1 mmol) in dodecanethiol (5 mL) using a 50 mL three neck flask equipped with a condenser. First the reaction mixture was degassed for 15 min under primary vacuum using a Schlenk line. Under argon atmosphere the temperature was then raised to 100°C at 10°C/min. The mixture was stirred for one hour before degassing once again for 1 min and backfilling with argon, yielding a yellow, transparent solution. Stirring was continued and the temperature was raised to 230°C at 30°C/min, resulting in a colour change from yellow over orange and red to dark brown. The mixture was left for one hour at this temperature. After cooling to room temperature, the nanocrystals were purified by adding 5 mL of methanol and centrifugation at 5000 rpm for 5 min. A second cycle or purification was carried out by adding 10 mL of chloroform to the precipitate, followed by 5 mL of methanol and centrifugation as before. The precipitate was finally solubilized in 10 mL of chloroform or toluene.

Ligand exchange
---------------

200 μL of 1,2-ethylhexanethiol were added to a colloidal solution of CuInS~2~ nanocrystals (3 mL in CHCl~3~, concentration: 100 mg/mL) and stirred under argon atmosphere and reflux for four hours, then at room temperature overnight. The nanocrystals were precipitated by adding a mixture of 10 mL of ethanol and 20 mL of CHCl~3~.

Materials Characterization
--------------------------

The obtained NCs and thin films have been analysed using a JEOL 4000EX High Resolution Transmission Electron Microscope (HRTEM) operated at 400 kV. UV-visible spectroscopy has been performed with a HEWLETT PACKARD 8452A diode array spectrophotometer. X-ray diffraction measurements were carried out in the Bragg-Brentano reflection geometry using a Panalytical Empyrean diffractometer provided with Cu Kα radiation, λ = 1.5418 Å.

Electrochemical measurements
----------------------------

Voltammetric measurements were performed under Argon atmosphere inside a glove box using an Autolab3 potentiostat/galvanostat. Potentials were recorded versus an Ag wire pseudo reference electrode using Pt counter electrode and work electrode (diameter: 4 mm). The samples were prepared by drop casting 10 μL of a 20 mg.mL^−1^ nanocrystals\' colloidal solution in chloroform on the working electrode and subsequent immersion of the electrode in the ionic liquid. DPV curves for the free ligands were measured under the same conditions at a ligand concentration of 0.01 M.

NMR
---

All NMR measurements were performed with a Bruker Avance 500 spectrometer equipped with a 5 mm BBI-xyz-gradient probe. In Pulsed Field Gradient (PFG) ^1^H-NMR mode, the diffusion filtered spectra were recorded with the standard bipolar pulse sequence combining a radio-frequency stimulated spin-echo of the magnetization and a bipolar pulsed gradient sequence. The signal attenuation is given by the Stejskal-Tanner equation ([Eq. 2](#m2){ref-type="disp-formula"}):where *I* and *I~0~* are the signals at *g* and zero gradient strength respectively, *γ~H~* is the hydrogen gyromagnetic ratio, *D* is the diffusion coefficient of the considered species, *δ* and Δ are the gradient pulse duration and the delay during which the diffusion is observed and τ is the time interval between the bipolar gradient pulses. The diffusion filtered spectra were recorded with *δ*/2 = 0.75 ms, τ = 0.5 ms and Δ = 100 ms. The amplitude of the trapezoidal gradient pulses was varied from 2% to 98% of the maximum amplitude (48.2 G.cm^−1^). The spectra were recorded in toluene-*d*~8~ at 298 K. Data were analyzed with Win-NMR or Topspin Bruker softwares (Bruker Biospin, Wissembourg, France).

LESR
----

LESR experiments were carried out using an X-band (3 cm, 9.7 GHz) ER 200D SRC Bruker spectrometer with 100 kHz field ac modulation for phase-lock detection. Samples were located in a Bruker ER 41040R optical transmission resonator (unloaded quality factor Q = 7000), illuminated at 473.3 nm with a CW output power of 22.1 mW by a laser module Oxxius 473L-20-COL-PP-LAS-01186 and cooled down to 20 K with a cryostat ESR 900.

Samples for LESR were prepared on ITO-coated flexible polyethylene terephthalate (PET) substrates using the same solutions and spinning parameters as in the case of device fabrication (see below). They were inserted into ESR tubes after folding. Magnetic field intensities and frequencies have been separately measured to insure accurate *g*-values (±0.0002). When spectra are compared, they have been recorded in the same conditions (gain, modulation, accumulation times, accumulation number and microwave power). The microwave power dependence of the ESR signal of the different samples has been measured and all data presented have been acquired in non saturation regime.

Device fabrication
------------------

Devices with general structure ITO/PEDOT:PSS/polymer:PCBM:NCs/Al were prepared under ambient conditions. The pre-patterned ITO substrates were cleaned using acetone and ethanol in an ultrasonic bath for 10 min each. A layer of 30--40 nm PEDOT-PSS was spin-coated on the ITO surface and was dried at 200°C for 10 min. Reference samples without nanoparticles were produced from *ortho-*dichlorobenzene (ODCB) solution containing P3HT or PTAA and PCBM in equal weight ratio (30 mg/mL). In the case of ternary blends the appropriate amount of a 30 mg/mL colloidal solution of nanocrystals in ODCB was added to the binary mixture to obtain mass ratios of 1:1:1, 1:1:0.5 or 1:1:0.25 (polymer:PCBM:NCs). In all cases, approximately 200 nm thick active layers were spin-coated on the ITO/PEDOT:PSS substrate by adjusting the spinning parameters, typically 800 rpm during 180 s. 80--100 nm top aluminium electrodes were thermally evaporated under vacuum (active area: 7 mm^2^). In last step, the devices were encapsulated with thin glass slides pasted with epoxy glue purchased from DELO Company.

Device characterization
-----------------------

Film thickness measurements were performed using stylus profilometer (Ambios Technology XP-2). For cross-section SEM imaging using a Zeiss Ultra-55 microscope, the samples were cleaved in liquid nitrogen before electrode evaporation.

For the external quantum efficiency measurements, the samples were illuminated with a mercury-xenon lamp through a Newport 74125 Cornerstone™ 260 monochromator. Photocurrent measurements were performed with a Newport 70104 Merlin™ digital lock-in radiometry system.

I(V) measurements
-----------------

Current--voltage characteristics and power conversion efficiencies of the solar cells were measured under inert atmosphere using a computer controlled Keithley 2400 unit and 1000 Wm^−2^ air-mass 1.5 simulated solar light generated by a Newport class AAA solar simulator. A monocrystalline silicon solar cell, calibrated at Fraunhofer Institut für Solare Energiesysteme (Freiburg, Germany), was used as a reference cell.

Photo-CELIV
-----------

We used a home-built setup for Charge Extraction by Linearly Increased Voltage (CELIV) measurements equipped with a Crylas Nd:YAG laser emitting at 532 nm or 355 nm, with a modulable output power up to 100 μJ in each 1 ns pulse. The laser beam was split into two secondary beams: one was sent to a photodiode that detects the laser pulse, and then triggered the generation of voltage pulses and the opening of the mechanical shutter once every measurement period. The other beam could be attenuated by optical densities before being focused into an optical fiber for transmission to the sample when the mechanical shutter was open. All measurements were performed in a Faraday cage and care has been taken to limit electrical noise. The sample holder was horizontal and allowed for illumination either through the bottom or the top electrode. Contacts were made by probes equipped with micro-manipulators. Voltage pulses and ramps were generated by an Agilent 33220A waveform generator and a Trek 601C voltage amplifier if needed. Current was directly measured and recorded by a Tektronik digital oscilloscope DPO 7104 1 GHz thanks to a 50 Ω terminated probe and a current amplifier when needed. All electronics were synchronized on the laser pulse detection by a Stanford Research System delay generator DG535.
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![Energy level diagram of the P3HT:PCBM:CuInS~2~ NCs hybrid, illustrating electronic processes possible at the P3HT/NCs interface upon light absorption by the polymer: 1) exciton formation and diffusion to the D/A interface; 2) charge separation and formation of a bound polaron pair (BPP) state; 3) geminate recombination or 4) full dissociation of the BPP state leading to free carriers.\
The energetic driving force for the dissociation of the BPP state scales with the LUMO levels offset Δ*E*~LUMO~. Charge transfer to PCBM can take place both from the polymer and the NCs.](srep07768-f1){#f1}

![LESR spectra of thin films of binary blends containing DDT- or EHT-capped NCs and PCBM (a,c) or P3HT (b,d), recorded in the dark or under 473-nm illumination (*P~microwave~ =* 20 dB (100 μW), *P~laser~* = 22 mW).](srep07768-f2){#f2}

![LESR spectra of the binary and ternary hybrid films recorded at 20 K under 473 nm illumination (*P~microwave~ =* 20 dB (100 μW), *P~laser~* = 22 mW; mass ratios P3HT:PCBM = 1:1 and P3HT:PCBM:NCs = 1:1:0.5, respectively).\
The spectra obtained for the same films in the dark have been subtracted and the intensity has been normalized using the signal of PCBM.](srep07768-f3){#f3}

![(a) *J*(*V*) curves obtained under simulated solar light (AM1.5 one sun conditions) of solar cells containing ternary blends of P3HT, PCBM and DDT- or EHT-capped CuInS~2~ NCs (1:1:0.5 mass ratio) after 15 min annealing at 120°C. For comparison the curve obtained with an identical solar cell containing the binary P3HT:PCBM mixture (1:1 mass ratio) is shown. (b) External quantum efficiency spectra of the different solar cells measured under identical illumination conditions.](srep07768-f4){#f4}

![Electric field dependence of the electron mobility measured at room temperature.\
Error bars take account for the incertitude in the determination of *t*~max~ and of the active layer thickness. (a) Comparison of ternary blends containing DDT- and EHT-capped NCs. (b) Comparison of the ternary blend containing EHT-capped NCs with the binary P3HT:PCBM blend after annealing for 15 min to 120°C.](srep07768-f5){#f5}

###### LESR peak intensity ratio P3HT^+^°/PCBM^--^° measured for the different blends and intensity (peak-peak) *I~(6 min)~* after 6 min relaxation time at 20 K with respect to the initial intensity *I~0~* for P3HT^+^° and PCBM^--^°

  Composition of the blend    Intensity ratio P3HT^+^°/PCBM^--^°   *I*~(6min)~/*I*~0~ P3HT^+^°   *I*~(6min)~/*I*~0~ PCBM^--^°
  -------------------------- ------------------------------------ ----------------------------- ------------------------------
  P3HT:PCBM                                  1.0                               0.2                           0.2
  P3HT:PCBM:NCs DDT                          1.7                               0.4                           0.6
  P3HT:PCBM:NCs EHT                          2.5                               0.3                           0.5

###### Mass and volume fractions of PCBM and CuInS~2~ NCs in P3HT. For the calculation of the volume fractions the following densities have been used: P3HT −1.1 g/cm^3^, PCBM −1.72 g/cm^3^, CuInS~2~ −4.75 g/cm^3^

  *m*~P3HT~:*m*~PCBM~:*m*~NCs~    Mass fraction of NCs   Volume fraction of NCs   Mass fraction of PCBM   Volume fraction of PCBM
  ------------------------------ ---------------------- ------------------------ ----------------------- -------------------------
  1:1:0                                    0%                      0%                      50%                      39%
  1:1:0.5                                 20%                      7%                      40%                      36%
  1:1:1                                  33.33%                  12.4%                   33.33%                    34.2%

###### Solar cell characteristics measured under AM1.5 one sun conditions after annealing for 15 min at 120°C in argon atmosphere; values in brackets: before annealing

                                         FF             V~oc~ (V)      J~sc~ (mA/cm^2^)   Efficiency (%)
  ------------------------------- ----------------- ----------------- ------------------ -----------------
  **P3HT:PCBM 1:1**                  0.40 (0.43)       0.58 (0.33)       −3.47 (2.00)       0.81 (0.29)
  **P3HT:PCBM:NCs-DDT 1:1:0.5**      0.23 (0.27)       0.40 (0.23)       −2.70 (0.07)       0.24 (0.06)
  **P3HT:PCBM:NCs-EHT 1:1:0.5**    **0.48** (0.39)   **0.52** (0.30)   **−6.34** (4.05)   **1.60** (0.47)
  **P3HT:PCBM:NCs-EHT 1:1:1**        0.37 (0.36)       0.44 (0.32)       2.19 (1.79)        0.35 (0.20)

[^1]: Current address: Lodz University of Technology, Department of Molecular Physics, Zeromskiego 116, 90-924 Lodz, Poland.
